Abstract. DNA methylation is an important factor for the regulation of gene expression in early embryos. It is well known that the satellite I sequence is more heavily methylated in bovine somatic cell nuclear transfer (NT-SC) embryos than in embryos derived from in vitro fertilization (IVF). However, the methylation status of bovine embryos obtained by other procedures is not well known. To clarify DNA methylation levels of bovine embryos obtained from various procedures, we examined satellite I sequences in bovine blastocyst (BC) embryos derived from NT-SC, NT using embryonic blastomeres (NT-EM), in vivo (Vivo), IVF and parthenogenetic treatment (PA). Furthermore, in order to evaluate the efficacy of DNA demethylation by the NT procedure, we determined the DNA methylation levels in bovine embryos in which NT was recapitulated (Re-NT). Although the DNA methylation levels in the NT-SC embryos were higher than those in the other embryos, the NT-EM embryos exhibited lower DNA methylation levels. The satellite I sequence in the NT-SC embryos was more demethylated than that in the donor cells. Although the DNA methylation level in the individual NT-SC embryos showed variation, the full-term developmental efficacy of these embryos were not different. These findings suggest that the methylation level of the satellite I sequence at the BC stage is not related to the abnormalities of bovine embryos produced by NT-SC. There was no difference in methylation levels between Re-NT and NT-SC embryos. Our results indicated that the DNA methylation status differed among embryos produced by various methods and that at least some of the demethylation of the donor cell genome occurred in the recipient cytoplast after NT-SC, but the demethylation ability of the NT procedure was noted in the first NT but not in the second NT. Key words: Bovine embryo, DNA methylation, In vitro fertilization, Nuclear transfer, Parthenogenesis (J. Reprod. Dev. 57: [236][237][238][239][240][241] 2011) he efficiency of animal production by somatic cell nuclear transfer (NT-SC) is still very low. In bovine cloning, high rates of embryonic, fetal, neonatal and postnatal abnormality have consistently been observed [1] [2] [3] [4] [5] [6] . Although the cause of such abnormalities is unknown, the phenomenon may be correlated with abnormal gene expression in NT-SC embryos [7] . The characteristics of gene transcription in NT-SC embryos can be attributed to abnormalities in the control system for gene expression such as DNA methylation [8] [9] [10] and acetylation of histones [11] . The bovine genome contains several major satellite DNAs, and restriction enzyme analysis has demonstrated that all of them contain higher order repeats that are several hundred to several thousand base pairs in length [12, 13] . Therefore, bovine satellite DNA sequences have been used for global analysis of methylated cytosines [14] . Several investigators have reported aberrant methylation levels of satellite DNA sequences including satellite I in bovine NT-SC embryos and several tissues obtained from cloned bovine calves [8, 9, 15] . These findings led us to expect dysregulation of epigenetic modifications, such as DNA methylation, in the resulting transcription of developmentally crucial genes at the blastocyst (BC) stage.
(J. Reprod. Dev. 57: [236] [237] [238] [239] [240] [241] 2011) he efficiency of animal production by somatic cell nuclear transfer (NT-SC) is still very low. In bovine cloning, high rates of embryonic, fetal, neonatal and postnatal abnormality have consistently been observed [1] [2] [3] [4] [5] [6] . Although the cause of such abnormalities is unknown, the phenomenon may be correlated with abnormal gene expression in NT-SC embryos [7] . The characteristics of gene transcription in NT-SC embryos can be attributed to abnormalities in the control system for gene expression such as DNA methylation [8] [9] [10] and acetylation of histones [11] . The bovine genome contains several major satellite DNAs, and restriction enzyme analysis has demonstrated that all of them contain higher order repeats that are several hundred to several thousand base pairs in length [12, 13] . Therefore, bovine satellite DNA sequences have been used for global analysis of methylated cytosines [14] . Several investigators have reported aberrant methylation levels of satellite DNA sequences including satellite I in bovine NT-SC embryos and several tissues obtained from cloned bovine calves [8, 9, 15] . These findings led us to expect dysregulation of epigenetic modifications, such as DNA methylation, in the resulting transcription of developmentally crucial genes at the blastocyst (BC) stage.
Bovine embryos have been successfully produced by various procedures, such as in vitro fertilization (IVF), parthenogenetic treatment (PA), NT using embryonic blastomeres (NT-EM) and NT-SC using many species of donor cells. However, neonatal and postnatal aberrations have been observed at varying incidence levels after the use of IVF and NT procedures [16] [17] [18] [19] . Furthermore, mammalian embryos derived from PA treatment fail to develop after implantation; this phenomenon is caused by epigenetic abnormality of PA embryos [20, 21] . Although the DNA methylation status of the satellite I sequence in bovine NT-SC and IVF embryos has been described in a series of reports [8] [9] [10] , the methylation levels in in vivo (Vivo), NT-EM or PA embryos are not well known. In addition, there has been little investigation of DNA methylation status, such as comparative analysis of DNA methylation levels in NT-SC embryos and full-term developmental ability of these embryos.
The objectives of this study were to clarify the DNA methylation status of bovine embryos, obtained from various procedures, that exhibit neonatal and postnatal abnormalities. Furthermore, we evaluated the variation of DNA methylation levels in bovine NT-SC embryos and full-term developmental efficacy of these embryos. Satellite I methylation levels of bovine NT-SC embryos were lower than that in donor cells [8] . This finding indicates that the NT-SC procedure has an effect on demethylation of genomic DNA. Thus, in order to evaluate the efficacy of DNA demethylation for the NT procedure, we determined the DNA methylation levels in bovine embryos in which NT was recapitulated (Re-NT).
Materials and Methods
The in vitro maturation of oocytes and in vitro production of embryos were performed as described previously [22] [23] [24] .
In vitro maturation of oocytes
Cow ovaries were collected at a local slaughterhouse and maintained at room temperature during transport to the laboratory. Cumulus-oocyte complexes (COCs) were aspirated with an 18-gauge needle into a disposable 10-ml syringe from 2-8 mm follicles. Ten bovine COCs were matured in a 100-μl drop of IVMD-101 medium (Research Institute for the Functional Peptides, Yamagata, Japan, [25] ) at 39 C in a humidified atmosphere containing 5% CO2 in air for 22 h.
Nuclear transfer
NT-SC was carried out using fetal (NT-FE) or calf (NT-CA) fibroblast cells as donor cells. Bovine fibroblast cells were collected from skin tissue biopsied from a 100-day fetus or the ears of three calves. The tissue was minced, washed and plated in Dulbecco's Modified Eagle's Medium (DMEM, high glucose, Invitrogen, Carlsbad, CA, USA) supplemented with 10% fetal calf serum (FCS; Roche Diagnostics, Tokyo, Japan) and cultured until fibroblast cell outgrowth appeared. Primary cells were cultured in DMEM with 10% FCS for up to four passages. Prior to NT-SC, fibroblast cells at 50-70% confluence were further cultured for 4-5 days in serum-depleted medium (DMEM with 0.5% FCS). Blastomeres obtained from morula stage embryos produced in vivo or by NT-CA were used as donor cells for NT-EM or Re-NT. After in vitro maturation, oocytes were enucleated by removing the first polar body and the metaphase II plate in a small amount of surrounding cytoplasm. A single cell was inserted into the perivitelline space of the enucleated oocyte. Recipient oocyte-cell complexes were pulsed with two direct current electric pulses of 20 V/150 μm for 50 μsec with an interval of 1 sec. Recipient oocytes used for NT-EM and Re-NT were activated by 15 μM Ca-ionophore A23187 (Ca-IA; Sigma-Aldrich, St. Louis, MO, USA) for 5 min and 10 μg/ml cycloheximide (CH; Sigma) for 5 h before cell injection. In NT-SC, recipient oocytes were fused with donor cells and simultaneously activated by direct current electric pulses and then treated with 10 μg/ml CH for 5 h. Cell fusion was determined 5 h after electric pulses. Then, only embryos in which the donor cells had fused successfully with the cytoplasts were placed in in vitro culture.
In vitro fertilization and parthenogenetic treatment IVF was performed as described by Niwa and Ohgoda [26] . Briefly, in vitro matured COCs were coincubated with frozenthawed semen in modified Brackett and Oliphant medium [27] containing 10 mg/ml BSA (Sigma), 5 mM caffeine (Sigma) and 2.0 IU/ ml of heparin (Novo Nordisk A/S, Bagsvaerd, Denmark) for 5-8 h at 39 C under 5% CO2 in air. The final sperm concentration added per fertilization drop was 5 × 10 6 /ml. After coincubation with sperm, oocytes were removed from cumulus cells. PA embryos were produced as described below. After in vitro maturation, oocytes were freed from cumulus cells and then activated with 15
μM Ca-IA in modified TALP (mTALP) medium [28] with 0.1% BSA for 5 min and 5 μg/ml cytochalasin B (Sigma) in mTALP medium with 0.1% BSA for 5 h.
In vitro culture of embryos
Following NT, IVF or PA, embryos were cultured in mTALP with 0.1% BSA at 39 C in 5% CO2, 5% O2 and 90% N2. On Day 2 (NT, IVF or PA = Day 1), embryos were transferred to mTALP medium supplemented with 3% newborn calf serum (Invitrogen) and subsequently cultured at 39 C in 5% CO2, 5% O2 and 90% N2 until Day 8.
Production of in vivo embryos
Vivo embryos were obtained from donor cows that had been treated for superovulation and artificial insemination (AI) using methods described previously [23] . Briefly, a total of 20 IU of FSH (Antorin; Denka Pharmaceutical, Kanagawa, Japan) was given to the donors twice daily in decreasing doses over 3 days. To induce luteolysis, PGF2α (cloprostenol 0.5 mg, Resipron-C; Aska Pharmaceutical, Tokyo, Japan) was injected on the third day of superovulation. Donors were bred by AI at 12-24 h after the onset of estrus. On Day 8 (AI=Day 1), BC embryos were nonsurgically recovered from four donor cows by uterine flushing using a Foley catheter (20 French gauge).
Production of cloned calves
Recipient cows for embryo transfer were estrus-synchronized by administration of a CIDR device (EAZI-Breed; InterAg, Hamilton, New Zealand) for 7-14 days and an injection of PGF2α 1 day before removal of the device. BC embryos obtained from the NT-CA procedure using three different donor cells were nonsurgically transferred to recipients (1 embryos per recipient) 6-7 days after estrus. Using ultrasonography (Aloka, Tokyo, Japan), the pregnancy status of the recipient cows was determined on about day 40 of gestation. Induction of parturition in cows was achieved with dexamethasone (Denka) at day 283 of pregnancy, followed by PGF2α (Pronalgon-F, Pfizer, Tokyo, Japan) and estriol (Holin, Teikoku Zoki, Tokyo, Japan) 24 h later. Some calves were delivered by cesarean section after the induction of parturition. The decision about whether to allow vaginal delivery or to perform cesarean section was based on subjective comparison of fetal size, maternal pelvic diameter and soft birth canal diameter. Postnatal survival was decided on day 3 after parturition.
Bisulfite treatment, PCR and digestion with restriction enzyme
DNA methylation analysis was carried out as described previously [24] . Briefly, BC embryos were treated with 0.5% protease (Sigma) in 1% PVP-PBS for digestion of the zona pellucida and then washed three times in 1% PVP-PBS. Single embryos were used for DNA isolation. Donor cells for NT-SC were washed with 1% PVP-PBS, and DNA was then isolated from cell pellets obtained by centrifugation. BC embryos or cell pellets were transferred to 60 μl lysis buffer (GenomicPrep Cells and Tissue DNA Isolation Kit; Amersham Biosciences, Piscataway, NJ, USA) and stored at room temperature. Genomic DNA was isolated using a GenomicPrep Cells and Tissue DNA Isolation Kit (involving RNase A treatment and removal of cytoplasmic and nuclear proteins) according to the manufacturer's instructions. Genomic DNA obtained from single BC embryos and cell pellets was diluted in 10 and 20 μl of Tris-EDTA buffer, respectively, and stored at -30 C.
Bisulfite modification of genomic DNA and purification of modified DNA were performed using a CpGenome DNA Modification Kit (Millipore, Billerica, MA, USA) according to the manufacturer's instructions. Briefly, 10 μl of genomic DNA dilution was dissolved to obtain a final volume of 100 μl with DEPC-treated water and then denatured with 0.2 M NaOH. Bisulfite modification was initiated by adding 550 μl of freshly prepared 3 M sodium bisulfite (pH 5.0). The reaction mixture was incubated at 50 C for 16 h. Desulfonation was performed with 20 mM NaOH. Following precipitation, the DNA was resuspended in 10 μl of DEPCtreated water.
To amplify part of the satellite I region (GenBank accession no. J00032), we used the following programs: preincubation for activation of TITANIUM Taq DNA polymerase (BD Biosciences, Palo Alto, CA, USA) at 95 C for 1 min, followed by 40 cycles of denaturation at 95 C for 30 sec, annealing of primers at 50 C for 30 sec and elongation at 68 C for 1 min. The primer set used was 5'-AATACCTCTAATTTCAAACT-3' and 5'-TTTGTGAATG-TAGTTAATA-3'. Ten microliters of amplified PCR products were digested with 5 U of the restriction enzyme AciI (New England Biolabs, Tokyo, Japan) overnight at 37 C and resolved on a 12% polyacrylamide gel. Band intensity was calculated using an image analyzer and software (RFLPscan; ver. 3.12, CSP Inc., Billerica, MA, USA).
Statistical analysis
Methylation status was indicated as the percentage digestion (methylated DNA) of PCR products amplified from the satellite I sequence. Differences in the mean percentages of digestion were analyzed using the Kruskal-Wallis test followed by multiple pairwise comparisons using the Scheffé method. A P value of less than 0.05 denoted a statistically significant difference.
Results

Blastocyst development of embryos produced in vitro
The BC development rates (number of BC/number of 1-cell stage embryos in culture) for the NT-FE, NT-CA, NT-EM, IVF, PA and Re-NT embryos were 18.6% (33/177), 21 
DNA methylation levels in individual bovine embryos obtained from various procedures
To examine the methylation status of bovine embryos, genomic DNA was isolated from individual BC embryos obtained by various procedures and treated with bisulfate. For analysis of satellite I sequences, a 211-bp segment of the satellite I genomic region, which has 12 highly-conserved CpG sites [8] , was amplified by PCR of the bisulfite-treated genomic DNA. The resulting PCR products had two target sequences (CpG-4 and CpG-7) for the AciI restriction enzyme, which recognizes only unconverted 5'-CCGC-3' (5'-GCGG-3'). Complete digestion yielded 35-, 86-and 90-bp fragments, and three bands were confirmed by electrophoresis after AciI digestion (Fig. 1) .
As indicated in Figs. 1 and 2 , the satellite I region in the NT-FE and NT-CA embryos was more heavily methylated (50.0 and 51.9%, respectively; Fig. 2 ) than that in the Vivo, IVF and PA embryos (20.4, 27.0 and 20.2%, respectively; Fig. 2 ). There was no difference in methylation levels of the satellite I sequence between NT-FE and NT-CA in either group of embryos. The DNA methylation levels in embryos obtained by NT-EM (24.8%) were lower (P<0.01) than in those obtained by NT-SC, and the value in the NT-EM embryos was not different compared with the Vivo, IVF and PA embryos (Fig. 2) .
Variation of DNA methylation levels in bovine NT-CA embryos, and full-term developmental efficacy
To clarify the relationship between DNA methylation status and full-term developmental efficacy of NT-SC embryos, we evaluated the variation of DNA methylation levels in bovine NT-SC embryos and full-term developmental after embryo transfer. Variation of the DNA methylation levels in NT-CA embryos reconstructed with donor cells obtained from three different calves is indicated in Fig.  3 . Although the DNA methylation status in the NT-CA embryos was higher, the DNA methylation level in individual embryos showed variation (Lot A, 39.9-60.3%; Lot B, 43.6-61.5%; Lot C, 43.8-62.5%). However, pregnancy and full-term developmental efficacy of these embryos after embryo transfer did not differ among the lots of donor cells (Table 1) .
Shift in DNA methylation levels between donor cells and NT embryos
The DNA methylation levels of the satellite I sequence in donor cells, NT-SC and Re-NT embryos are indicated in Fig. 4 . The satellite I region in the donor cells used for NT-FE and NT-CA was heavily methylated (83.6 and 86.0%, respectively). The DNA methylation status in the NT-SC embryos (NT-FE, 50.2%; NT-CA, 51.4%) was significantly (P<0.01) lower than that in the donor cells. In contrast, the methylation levels of the Re-NT embryos were not reduced. There was no difference in the methylation levels of the satellite I sequence between Re-NT (50.7%) and NT-CA (51.4%).
Discussion
Genome-wide abnormalities in DNA methylation patterns or cytosine methylation levels after NT-SC have been observed in mice, cattle and sheep [8, [29] [30] [31] [32] [33] [34] . Several investigators proposed that failure of DNA demethylation causes incomplete nuclear reprogramming in cloned embryos [8, 9, 29] . In the present study, we examined satellite I sequences in bovine embryos derived from various procedures. The BC rates of these embryos were average. Thus, these procedures were considered to be appropriate methods for in vitro production of bovine embryos. The BC embryos obtained by NT-SC exhibited significantly higher methylation levels of the satellite I sequence than the Vivo, IVF and PA embryos. This result is consistent with the previous observation of a higher degree of methylation in NT-SC embryos that developed to the BC stage than in IVF and Vivo embryos [9] . On the other hand, Kang et al. [8, 9] indicated large variation in the DNA methylation levels of the satellite I sequence obtained from pooled bovine NT-SC embryos. In the present study, the DNA methylation level in individual embryos showed variation, and these values were in the range of about 40 to 60%. The present study also found that the methylation levels in the NT-EM embryos were lower than those in the NT-SC embryos and was not different from those in the Vivo and IVF embryos. Here, we used blastomeres obtained from Vivo embryos as donor cells for NT-EM. The methylation levels in the Vivo embryos were low, and thus the methylation levels in the NT-EM embryos may reflect the methylation status of the donor cells. In this study, PA embryos exhibited lower methylation levels. Kang et al. [10] found no significant change in the satellite I methylation level in IVF embryos during the 1-cell to BC stages. The methylation status of this sequence is maintained at a low level; the methylation levels in PA embryos may be similar to those in Vivo and IVF embryos.
In the present study, the methylation levels of the satellite I sequence in the NT-SC embryos were significantly lower than those in the donor cells regardless of the origin. A similar finding was obtained in another report [8] . These findings suggest that at least part of the donor cell genome demethylation occurs in the recipient cytoplast as a result of the NT treatment. Interestingly, the methylation levels in the Re-NT embryos were similar to those in the NT-CA embryos, which provided donor cells for Re-NT. Kang et al. [10] reported that demethylation of the satellite I sequence in bovine NT-SC embryos occurred from the 1-cell to 8-cell stage. This finding suggests that blastomere cells obtained from NT-SC embryos at the morula stage have lower methylation levels than somatic cells. The DNA methylation level in Re-NT embryos may reflect the methylation status of the donor cells. Our result clearly indicates that demethylation of the satellite I sequence did not occur in the second NT. Although the reason for the difference between the first NT and second NT is not clear, it is possible that the CpG sites capable of being demethylated by NT were already demethylated at the first NT. Another reason may be the timing of activation of the recipient oocyte. In NT-SC, donor cells were fused with a non-activated oocyte, and then the reconstructed oocytes were activated. When nuclei of donor cells are introduced into non-activated oocytes, the nuclear envelop is broken down (NEBD), and the chromosomes of the donor nucleus are prematurely condensed [premature chromosome condensation (PCC)] as a result of the high activity of maturation promoting factor (MPF) [35] . The direct exposure of donor chromosomes to nonactivated oocytes, which exhibit the high activity of MPF, is essential for reprogramming of bovine somatic cell nuclei [36] . In contrast, when donor nuclei at the S phase, such as embryonic blastomeres, are used for NT, activated oocytes are essential for normal embryo development [35, 36] . The reprogramming of such donor nuclei might occur, without NEBD and PCC, in activated oocytes during the expansion of donor nuclei. Therefore, in the present study, NT-EM and Re-NT embryos were produced by fusing the blastomeres with activated oocytes. It is possible that NEBD and/ or PCC participate in demethylation of the Satellite I sequence in NT-SC embryos.
During early development, a dramatic reduction in methylation levels occurs in mice [37] . This process of epigenetic reprogramming in early embryos erases gamete-specific methylation patterns inherited from the parents [37] [38] [39] . NT-SC requires the epigenetic information of the donor nucleus to be reprogrammed to an embryonic state [40] , and it is a persuasive argument that aberrant epigenetic reprogramming of the cloned embryo is responsible for the developmental failure of cloned embryos. In our previous study [24] , satellite I methylation levels in Vivo bovine embryos increased during the elongation stage. In contrast, DNA methylation levels in NT-SC embryos remained unchanged in the embryo disc and were significantly decreased in the trophectoderm. This suggested that the aberrant methylation levels of bovine NT-SC embryos in the satellite I region were corrected as a result of demethylation and retention of methylation as the embryos developed and differentiated. In the present study, although the DNA methylation level in individual NT-CA embryos showed variation, pregnancy and full-term developmental efficacy of these embryos after embryo transfer did not differ among the lots of donor cells. Furthermore, the methylation levels of the satellite I sequences in the NT-EM, IVF and PA embryos exhibited no difference compared with the Vivo embryos. These findings suggest that the methylation level of the satellite I sequence at the BC stage is not related to the abnormalities of bovine embryos produced by in vitro production. However, our previous study [24] indicates that further analyses of fetuses and placentas that develop to later stages of gestation are necessary to clarify the character of the DNA methylation status in bovine embryos obtained from various procedures and the cause of the abnormalities observed in offspring derived from embryos produced in vitro.
In conclusion, analysis of the DNA methylation status of satellite I sequences in bovine embryos derived from various procedures demonstrated that NT-SC embryos had high DNA methylation levels and NT-EM embryos had low DNA methylation levels. The satellite I sequence was demethylated to a greater extent in NT-SC embryos than in the donor cells. However, this demethylation ability of the NT procedure was noted in the first NT but not in the second NT. Future studies should be focused on the methylation status of global DNA in bovine embryos at various stages.
